The D1 reaction center protein of the photosystem II complex is very sensitive to light. It is continuously being damaged, degraded and resynthesized. Under high light, photosystem II inactivation is observed. This is because the rate of D1 damage is faster than that of its replacement. This process can be reversed if exposure to high light is not too long. In this work we study the changes that occur in the transcriptional and translational machinery that could lead to irreversible photoinhibition in Synechocystis PCC 6714. In the first minutes of photoinhibition, high light induced an accumulation of psbA mRNA due to an increase in psbA transcription initiation. Although the transcription rate of other photosynthetic genes (e.g. psaE and cpcB-cpcA) declined, the high turnover of the psbA transcript was maintained for a long time. When the light stress was too long, the stability of psbA mRNA increased and the psbA transcription rate appeared to decrease. A high level of psbA mRNA was maintained even though translation no longer occurred and the cells were unable to recover. Experiments to measure newly synthesized D1 incorporation into the thylakoid membranes during recovery in the presence of rifampicin showed that the initiation of transcription was not required for translation of psbA mRNA when photoinhibition was still reversible. Since psbA translation did not depend on the level of psbA transcript or on the initiation of psbA transcription, we propose that damage to the translational machinery also occurred during light stress, leading to the inhibition of D1 synthesis and to irreversible photoinhibition.
Introduction
Light-driven reactions take place in the thylakoids in two membrane pigment-protein complexes, namely photosystems I and II (PS I and PS II). PS II is the site where three essential reactions of photosynthesis occur: charge separation, quinone reduction and oxygen evolution [43, 11] . These processes take place at the reaction center (RC) formed by the heterodimer of the D1 and D2 proteins, cytochrome b 559 and smaller proteins of unknown function. The D1/D2 heterodimer contains all the factors required for PS II activity. Light, besides being the driving force of photosynthesis and a regulatory factor, is also a major source of stress to photosynthetic organisms. It is known that PS II is damaged by light (photoinhibition) (for reviews see [38, 39, 2] ). Under moderate light the rate of damage is balanced by the rate of repair and an optimal efficiency of photosynthesis is maintained. However, above a given light intensity which is different for each organism and each growth condition, the rate of damage is no longer matched by the rate of repair and PS II activity and hence photosynthesis are decreased or fully abolished. Under certain conditions, which remain to be elucidated, plants and algae are able to synthesize proteins and to recover from that stress. In other conditions, the recovery is not possible and this may lead to cell death. The D1 subunit is of particular importance in these processes since its rapid and light-dependent turnover may serve to protect photosynthetic organisms from light stress [34] .
Exposure of cells to high light intensity induces a modification and then a specific damage and proteolysis of D1 [39, 2] . D1 is not only damaged at high light intensities, but also during photosynthesis at nonsaturating intensities and it has to be replaced [30, 34] . In low and moderate light, D1 is removed and replaced as fast as it is damaged. The turnover of D1 increases with light intensity, but at high light intensity the damage is so fast that the repair can no longer keep up with it and inhibition of PS II activity is observed. When stressed cells are placed back under normal growth conditions they recover their photosynthetic activity by replacing the damaged D1 protein. However, if cell exposure to high light is too long, the cells reach an inactive irreversible state, from which there is no recovery. The existence of a threshold has never been fully elucidated, although there is evidence that it can be influenced in a given organism by modifications of D1 structure [20, 21, 36] .
In higher plants and algae, D1 is encoded by the chloroplastic psbA gene and its synthesis is regulated posttranscriptionally at the level of translation initiation or elongation (for a review see [13] ). In cyanobacteria, light modulates the transcription of the psbA gene which is generally present as a family of genes (for a review see [15] ). The light regulation of psbA expression has been studied in two cyanobacterial strains, Synechococcus PCC 7942 and Synechocystis PCC 6803. Both strains have three psbA genes: psbA I, psbA II and psbA III [14, 18] . In Synechococcus PCC 7942, these three genes encode two distinct forms of D1 [14] and they are differentially regulated by light intensity [42, 25] . When grown at low irradiance, more than 80% of psbA transcripts correspond to psbA I [14] . Shifting cells to higher irradiances induces an increase of psbA II and psbA III transcription and a destabilization of the psbA I and psbA III transcripts [25] . In low light, form I of D1 (encoded by psbA I) is present in the thylakoids, while in high light, form II of D1 (encoded by psbA II and psbA III) is present [42, 9] . In Synechocystis PCC 6803, psbA I is not expressed at all [31] , while psbA II and psbA III are almost identical and encode only one form of D1 [33] . Nevertheless, these two copies are differentially expressed: about 95% of psbA transcripts originate from psbA II while only 5% originate from psbA III, in cells grown under low or high light conditions [33] . The reason for the differential expression of the psbA genes in Synechocystis PCC 6803 is not known. Shifting cells from low to higher irradiances increases the steady-state level of both psbA II and psbA III transcripts [33] .
Synechoccocus PCC 7942 [41, 35, 9] , Synechocystis PCC 6803 [29, 19] and Synechocystis PCC 6714 [20] have been used as model organisms to study the mechanism of PS II photoinhibition in cyanobacteria. During light stress of Synechocystis PCC 6714 cells, PS II fluorescence quenching outpaces the inhibition of oxygen evolving activity and then, D1 starts being degraded [20] . Long ago it was proposed that the Q B pocket, the site of binding of the secondary quinone electron acceptor in D1, was the first site of light damage [27] . In previous work, we have confirmed that in vivo, the Q B pocket is indeed the first target of high light stress in PS II [20, 22] . Moreover, we have demonstrated that Synechocystis PCC 6714 mutants with specific modifications in the Q B pocket show an increased sensitivity to light stress [20, 21, 36, 10] . At high light, these mutants lose the ability to recover PSII activity sooner than wild-type cells. In this article, we study in the wild type of Synechocystis PCC 6714 the behavior of the transcriptional and translational machinery during light stress so as to determine the nature of the threshold for the inactive irreversible state. In Synechocystis PCC 6714, there are also three copies of the psbA gene [1] . Two homologous copies, named psbA I and psbA II and a divergent copy, named psbA III [1] . The psbA I copy is highly homologous to psbA II of Synechocystis PCC 6803 (96.9% identity at the nucleotide level). As in Synechocystis PCC 6803, the divergent copy is not transcribed [6] . In normal growth conditions, 95% of the D1 present in the membrane originates from psbA I and 5% from psbA II [6] . Under high light, it seems that 80% of D1 originates from psbAI and 15% from psbA II [6] . To achieve consistency with Synechocystis 6803 nomenclature we have renamed the psbA copies of Synechocystis PCC 6714. The divergent copy (ex-psbA III) will be named psbA I, the most expressed copy (ex-psbA I) will be named psbA II and the last one (ex-psbA II) psbA III.
In this article, we show that high light induces a large increase in the psbA mRNA level. The rate of psbA mRNA degradation is not modified or is slightly accelerated. These results suggest an increase of psbA transcription initiation induced by high light. During the light stress, the high rate of psbA transcription is maintained for a long time, even after inhibition of the transcription of other photosynthetic genes (e.g. psaE and cpcB-cpcA) and after total inhibition of oxygen evolution. However, when the light stress is too long, psbA transcription also decreases. Nevertheless, a high level of psbA transcript is maintained due to its increased. We also demonstrate that psbA translation does not depend on the level of psbA transcript. The experiments described in this article suggest that damage to the transcriptional and translational machinery is responsible for the inability of the cells to recover after prolonged light stress.
Materials and methods

Strain culture conditions
Wild-type Synechocystis PCC 6714 cells were grown in the mineral medium described by Herdman et al. [17] with twice the concentration of nitrate. Cells were grown in a rotary shaker (120 r.p.m.), at 32 C under a 5% CO 2 -enriched atmosphere and continuous illumination from fluorescent white lamps, giving an intensity of 70 E m ,2 s ,1 .
Chlorophyll (Chl) measurements
Chl a concentration was spectrophotometrically determined in methanol. The extinction coefficient at 665 nm (74.5 ml per mg Chl per cm) was taken from the work of Bennet and Bogorad [5] . For recovery experiments, cells (30 g Chl per ml)
Light treatment
were incubated at 32 C in the rotary shaker under the stated growth conditions. When indicated, rifampicin (300 g/ml) or lincomycin (400 g/ml) were added as inhibitors of transcription or translation, respectively. When rifampicin was added to determine the stability of the transcripts, it was allowed to act for 5 min and then the first sample was collected. Samples were collected at different times (as indicated in Results) during photoinhibition and recovery.
For RNA isolation, cells were immediately pelleted and frozen in liquid nitrogen. All samples were stored at ,80 C until used.
Fluorescence measurements
Photoinhibition and recovery were followed by fluorescence measurements. Chlorophyll fluorescence induction during the first ten milliseconds was monitored with a home-built fluorimeter. Excitation light was provided by a tungsten lamp equipped with 5-59 and 4-96 Corning filters. Fluorescence was detected in the red region through a 2-64 Corning filter and a Wratten 90 filter. The recording was made with a multichannel analyzer connected to a personal computer. Cell suspensions were normalized to about 1 gChl/ml. 2 10 ,5
was added in order to measure F max .
RNA methods
Total RNA was isolated from 10 ml of Synechocystis PCC 6714 cells (30 g Chl/ml) by the method of Mohamed and Jansson [31] , using hot phenol for extraction and LiCl as the precipitating agent. Once isolated, total RNA concentration was spectrophotometrically calculated (OD 260 reading) and RNA was stored in aliquots of 7.5 g at ,80 C. For northern blot experiments the RNA samples were denatured 3 min at 70 C and separated by electrophoresis on a 1.2% agarose gel containing formaldehyde as the denaturing agent. The gel was blotted onto a charged nylon membrane (Hybond-N + , Amersham) as described by Ausubel et al. [3] using a Vaccu-Aid apparatus (Cera labo) according to the manufacturer's manual. Blots were hybridized with different radioactive probes. Northern blots were exposed to X-ray film (Kodak) to obtain autoradiograms.
Preparation of hybridization probes
psbA probe. A 0.7 kb KpnI-KpnI fragment containing the psbA II gene region of Synechocystis PCC 6714, encoding the 3 0 half of the gene which contains the sequence of the Q B niche, was used as the standard probe for all experiments [1] . A second probe was prepared from a 0.2 kb HindIII-KpnI fragment containing the promotor, the ribosome binding site and the first 34 codons of the psbA II gene [1] . Hybridization was performed at 42 C. psaEprobe. A 0.35 kb AvaI-Eco24I fragment containing the whole psaE sequence of Synechocystis PCC 6803 was used as the probe. This fragment was obtained from the plasmid pBSPsaE (gift from Dr B. Lagoutte) [40] . The psaE gene encodes the PSA-E subunit of PS I [8] . Hybridization was performed at 42 C.
cpcB-cpcA probe. This probe was prepared from a 1.3 kb PvuII fragment isolated from the plasmid pPM62 (gift from V. Capuano and Dr N. Tandeau de Marsac). This fragment contains the coding sequences of the and subunits of phycocyanin 2 of Calothrix sp. PCC 7601 [7] . Hybridization was performed at 40 C.
Pulse-chase experiments, thylakoid isolation and SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
For radioactive labelling, Synechocystis cells (30 g Chl per ml) were resuspended and incubated in a sulfate-free culture medium for 1 h before the carrierfree [ Thylakoid proteins were resolved by SDS-PAGE according to Laemmli [28] . Thylakoid samples were denatured at 45 C for 90 min in the presence of 2% SDS, and loaded in SDS-polyacrylamide gels (9-18% gradient) containing 4 M urea. Gel loadings were carried out on a chlorophyll basis: 4.5 g of chlorophyll/lane. The resolved proteins were detected by staining with Coomasie Brilliant Blue R and autoradiographed using Kodak X-ray films.
Autoradiogram scanning
The analysis of the autoradiograms was performed by combining a scanner (studioscan IIsi, AGFA) and a Macintosh Power 7100/80 computer using the public domain NIH Image program (developed at the US National Institute of Health and available from the Internet by anonymous FTP from zippy.nimh.nih.gov or on diskette from the National Technical Information Service, Springfield, VA, part number PB95-500195GEI).
Results
When photoinhibited Synechocystis PCC 6714 cells were transferred to low light, their rate of recovery and the extent of the lag period before the recovery depended on the duration of the photoinhibitory pretreatment, as shown in Fig. 1 . At the light intensity and temperature used in this study (see Materials and methods), cells that were photoinhibited 30 min recovered 90% of their initial variable fluorescence within 2 h when transferred to low light conditions. When the exposure to photoinhibitory light was maintained for 60 min, a longer lag time was observed and the rate of recovery was slightly slower. Cells photoinhibited for 90 min completely lost their ability to restore their initial variable fluorescence.
Radiolabelling experiments showed that during the recovery of 30 min photoinhibited cells, newly synthesized proteins, and more specifically the D1 protein, were incorporated into the membranes. In contrast, cells that were photoinhibited for 90 min, when transferred to low light, barely incorporated proteins into the thylakoids (lanes 2 and 3 of Fig. 2 ). We concluded that after 90 min under our photoinhibitory conditions the cells reached an inactive irreversible state. The lack of dependence of D1 translation during recovery on psbA transcription (lane 4 of Fig. 2 ) is discussed in a later section.
We therefore investigated the reasons for the progressive loss of the ability of Synechocystis cells to replace the photodamaged D1 protein and to incorporate newly synthesized proteins into the thylakoids.
Behavior of psbA and other photosynthetic transcripts during photoinhibition
We first determined the steady-state level of psbA mRNA during photoinhibition. The total RNA extrac- ted from Synechocystis PCC 6714 cells photoinhibited for 0, 10, 30 and 90 min was subjected to northern blot analysis (Fig. 3A) . Using a 0.7 kb KpnI psbA II gene fragment containing the 3 0 -half coding sequence of D1 as the probe, a 1.2 kb mRNA originating from the two homologous copies: psbA II (about 95% of total psbA mRNA [6] ) and psbA III was detected. The level of the psbA transcript increased dramatically during the first 10 min of high light incubation. This high level of the psbA transcript was maintained throughout the 90 min of photoinhibition.
Additionally, during photoinhibition, we observed a progressive accumulation of smaller psbA mRNA bands with well-defined sizes (0.9, 0.7, 0.5 and 0.4) (Fig. 3A) . No smaller bands were recognized when a 0.2 kb HindIII-KpnI psbA fragment containing the promotor, the ribosome binding site and the first 34 codons of the gene was used as a probe (Fig. 3B ), indicating that they lacked the 5 0 end. These results suggest that the psbA mRNA is degraded in a net 5 0 to 3 0 direction by the combined action of an endonuclease and a 3 0 exonuclease. The accumulation of the 3 0 fragments may indicate that the action of the exonuclease is slowed down during light stress.
We also studied the behavior of the psaE and cpcBcpcA transcripts, encoding the PSA-E subunit of PS I and the and subunits of the phycocyanin, one of the components of the phycobilisome, respectively. The interest of this analysis resides in the fact that these proteins have a low turnover rate which is not light-dependent. Moreover, they are not damaged during the first 90 min of light stress under our conditions. In 90 min photoinhibited cells the activity of PS I was normal, the structure of the cell was not modified and there was no bleaching of chlorophyll or phycobilins [20] . The phycobilisomes were only slightly dissociated from the membrane, but they were not degraded [20] . Under low light, the steady-state level of both transcripts remained stable (data not shown). Figure 3C shows that the psaE mRNA level was stable in the 10 first minutes of photoinhibition and then decreased. After 30 min of light stress the level of psaE mRNA was greatly decreased and after 60 min of photoinhibition, the psaE mRNA band was no longer detectable, even after a prolonged exposure of the autoradiogram. Also, the cpcB-cpcA mRNA was not stable under photoinhibitory conditions (Fig. 3C) . After 30 min of photoinhibition, the transcript was not detectable with the heterologous probe that we used. 
Transcript stability during light stress
The increase in the psbA transcript level might result from an increase in mRNA stability, and/or from an increase of the rate of transcription. The stability of psbA mRNA during photoinhibition was determined by adding rifampicin, an inhibitor of transcription initiation. Addition of rifampicin 5 min before the cell shift to photoinhibitory conditions inhibited the increase of the level of the psbA transcript under high light (4000 E m ,2 s ,1 , 22 C) (data not shown).
Moreover, the stability of psbA mRNA was similar (or slightly lower) in photoinhibitory light and in low light (30 E m ,2 s ,1 , 22 C) (Fig. 4A) . Under photoinhibitory or low light conditions, 50% of the psbA-mRNA disappeared after 18-20 min of incubation. To test whether the stability of psbA mRNA changed during the light stress, rifampicin was also added after 10, 40 and 90 min of photoinhibitory treatment. The stability of the psbA mRNA did not increase during the first 40 min of photoinhibition (t 1=2 = 22 min) ( Fig. 4A and B). Thereafter, the stability of the psbA transcript was related to the time of photoinhibition. The psbA transcript after 90 min (t 1=2 60 min) was more stable than after 10 or 40 min of photoinhibition (Fig. 4B) .
From these results we conclude that the increase in the psbA mRNA level observed after shifting cells to high light was due to an increase in the rate of transcription. A high turnover of the psbA mRNA was maintained for a long time (at least 40 min). Then, the stability of the psbA transcript increased while the rate of transcription decreased. In this way, a high level of psbA mRNA was maintained.
We also determinated the rate of degradation of psaE mRNA in low and high light. Under photoinhibitory conditions, we added rifampicin after 10 min of high light incubation. The stability of the psaE transcript was similar under both light intensities (Fig. 4C) .
Recovery from light stress
We have already shown that the psbA transcript level was almost the same between 30 and 90 min of photoinhibition, indicating that the capacity of the cells to recover from photoinhibition did not depend on the level of psbA mRNA. The transcription level appeared to be higher at 30 min than at 90 min of photoinhibition, since the stability of the transcript increased during the same period. To understand why in cells photoinhibited for 90 min, D1 synthesis and incorporation into the thylakoids were prevented during the following recovery period, we determined the psbA mRNA level and stability during recovery.
Synechocystis cells were photoinhibited 30, 60 (reversible state) or 90 (irreversible state) min and transferred to low light for 2 h. After 2 h of recovery, the samples photoinhibited for 30 min recovered their initial variable fluorescence and those photoinhibited for 60 min recovered about 80% (see Fig. 1 ). The cells photoinhibited for 90 min lost their ability to recov-er. Figure 5 shows the levels of psbA mRNA during the recovery of the 60 min and 90 min photoinhibited samples in the presence or absence of rifampicin. The results obtained with the 30 min and 60 min photoinhibited cells were similar. In the absence of rifampicin, the mRNA level remained almost the same during the recovery time in the 60 min photoinhibited cells and decreased slightly in the 90 min photoinhibited cells. The differences in the level of psbA mRNA, observed in the 60 min photoinhibited sample after recovery in the presence or absence of rifampicin, indicated that there was active transcription: under recovery conditions, in the presence of rifampicin, more than 70% of the transcript disappeared after 30 min, and it disappeared completely after one hour. In contrast, when the cells were photoinhibited for 90 min, rifampicin had little effect on the level of psbA mRNA during recovery, indicating that there was little transcription activity and that the RNA was very stable. The level of intermediate psbA-mRNA degradation products remained high in these samples during low light incubation.
During the recovery process of the 30 min photoinhibited cells, the level of the psaE and cpcB-cpcA transcripts increased to a level similar to that observed in control cells (Fig. 6 ). In contrast, cells which were unable to recover from light stress, after 90 min of photoinhibition, were also unable to transcribe psaE or cpcB-cpcA (Fig. 6) . Thus, when the cells reached such irreversible state, the transcriptional machinery appeared to be severely damaged.
Relationship between transcription of the psbA gene and D1 translation
As shown above, when Synechocystis cells were unable to recover from light stress, there was almost no transcription of psbA and D1 was not incorporated into the thylakoids. We therefore asked when photoinhibition was still reversible, whether or not D1 could be translated in the absence of active psbA transcription?
To answer this question we followed the incorporation into the membranes of newly synthesized D1, during recovery from light stress, in the presence or absence of a transcription inhibitor. Cells were first photoinhibited for 30 min and then transferred to recovery conditions. They were incubated in these conditions for 45 min in the presence of 35 S and in the absence or presence of rifampicin. Figure 2 (lane 4) shows that the cells were able to synthesize and incorporate D1 into the membranes even in the presence of rifampicin. The smaller amount of D1 incorporated into the membranes (about 30%) in the presence of rifampicin can easily be explained by the relatively short lifetime of the psbA mRNA (at 32 C, t 1=2 = 15 min). The cells recovered about 30% of their initial variable fluorescence and oxygen evolution activity during this period of recovery despite the presence of rifampicin (data not shown). We conclude that the D1 protein synthesized and integrated into the thylakoids during recovery in the presence of rifampicin was normally assembled in a photochemically active PSII reaction center. The absence of incorporation of other proteins to the membrane during this period could be explained by the disappearance of the respective mRNAs after 30 min of photoinhibition (e.g. psaE and cpcA-cpcB).
We also tested the influence of translation activity on transcription. Cells photoinhibited for 30 min were transferred to low light in the presence or absence of lincomycin, an inhibitor of translation. Total RNA was isolated after one and two hours of recovery and subjected to northern blot analysis. Figure 7A shows not only that the level of psbA mRNA was not reduced in the presence of lincomycin, but, on the contrary, its level was even higher than in control cells (without lincomycin). The autoradiogram presented in Fig. 7B revealed that all psbA transcripts disappeared during the first hour of recovery when both lincomycin and rifampicin were present. Therefore, the inhibition of translation did not prevent psbA transcription. The higher level of the psbA transcript observed in the presence of lincomycin (Fig. 7A ) was due to an increase in the stability of psbA mRNA (Fig. 8) .
Discussion
In our previous work [20, 12, 22] we described the process of PS II inactivation in Synechocystis PCC 6714 and PCC 6803 during light stress. In this report, we study the behavior of the transcripts of psbA encoding D1 and of two other photosynthetic genes, cpcB-cpcA, coding for the and subunits of the phycocyanin, and psaE, encoding the subunit PSA-E of the PS I, during photoinhibition. D1 is particularly susceptible to damage by light and it has to be frequently replaced by a newly synthesized protein [34] . In contrast, the other proteins of the photosynthetic apparatus are less susceptible to light and they have a lower turnover.
We knew that after 10 min of photoinhibition, about 50% of the variable fluorescence was quenched and around 30% of the oxygen-evolving activity was inhib- ited [20] . During this time, the steady-state levels of the psaE and cpcB-cpcA transcripts were stable while a sharp increase of the level of the psbA transcript was observed. Such a high light-induced psbA mRNA accumulation has already been reported in Synechocystis PCC 6803 cells (for psbA II and psbA III transcripts) [31] , and was tentatively explained by Mohamed and Jansson [32] as due only to accelerated transcription. However, such accumulation of transcripts can also result from an increased stability of the mRNAs. In the present article, we demonstrate that the cell shift to high light intensities indeed increases the rate of psbA transcription. In high light, the degradation of the psbA Figure 7 . Effect of lincomycin on the psbA transcript level during recovery from 30 min photoinhibited Synechocystis PCC 6714 cells.
Cells were photoinhibited at 4000 E m ,2 s ,1 for 30 min (PI30) and then transferred under low light intensity (70 E m ,2 s ,1 ) for transcript is rapid, similar to or even slightly faster than in low light. Although we cannot distinguish between psbA II and psbA III mRNAs, one can consider that the rate of degradation of the psbA II transcript is similar or slightly faster at high light and that the rate of psbA II transcription is higher at high light than at low light, since it represents 95% of the total psbA transcripts in Synechocystis PCC 6714 cells. We do not know whether the stability and the rate of transcription of the psbA III transcript are similarly modified.
In Synechococcus PCC 7942, light also regulates the rate of transcription of psbA genes and transcript stability. In this strain, each copy is differentially regulated: the shift to higher intensities induces an increase in the rate of transcription of the psbA II and psbA III copies and a destabilization of the psbA I and psbA III transcripts [25] . This differential regulation results in a replacement of form I by form II of D1 in the thylakoids, which leads to a decreased sensitivity to light stress [9, 26] . In Synechocystis PCC 6803 and PCC 6714, there exists only one form of D1, since the divergent copy is not expressed and the homologous copies encode the same protein [31, 33] . An increase in the rate of transcription and in that of translation is sufficient to replace the damaged D1 protein more frequently. From the studies carried out in Synechocystis PCC 6803 and PCC 6714 and Synechococcus PCC 7942, one can conclude that in cyanobacteria the increase of total psbA transcripts is a general response to a cell shift to higher light intensities. However, each strain has its own regulatory characteristics that cannot be generalized to the rest of the cyanobacterial strains.
The rapid turnover of psbA mRNA continued for at least 40 min under our photoinhibitory conditions. Beyond that time, although the high level of psbA transcript was maintained because of an increased stability of the psbA mRNA, the transcription rate decreased. Concomitant with the increasing stability of the psbA transcript, we observed the accumulation of degradation products suggesting also a less efficient RNAse activity. The inverse correlation between psbA transcription and psbA mRNA stability was also observed under dark conditions ( [32] , Alfonso and Kirilovsky, unpublished results). These results indicate that in some conditions, the cells control the psbA mRNA level by conversely influencing psbA transcription and mRNA stability.
While the rate of psbA transcription remained high for a long time, the levels of the psaE and cpcB-cpcA transcripts decreased very rapidly suggesting an early inhibition of psaE and cpcB-cpcA transcription: after 30 min of photoinhibition, more than 70% of these transcripts had disappeared. These results suggest a progressive inhibition and/or damage of the transcription machinery. When transcription started being less efficient, the cells maintained the transcription of the psbA gene encoding a light-damaged protein, for a longer time than that of genes encoding other photosynthetic proteins. Not only the rates of transcription of the studied genes but also the stability of the mRNAs were differentially modified during photoinhibition: only in the case of psbA genes did the stability of the transcripts increase simultaneously with the decrease in transcription rate. As already mentioned, the presence of a high level of the psbA transcript may serve to rapidly replace the damaged D1. We observed that when cells were transferred to recovery conditions, in the first minutes newly synthesized D1 was specifically incorporated into the membranes, while after longer periods of recovery, there was a general protein replacement (Constant and Kirilovsky, unpublished data). However, when the light stress was too long, D1 was no longer synthesized although a high level of psbA mRNA was present. At the same time, psbA transcription was almost totally inhibited. Therefore, it may appear that it is the rate of transcription and not the level of the transcript which modulates D1 synthesis. Since we demonstrate here that in the presence of rifampicin which inhibits transcription, D1 can be synthesized and incorporated into the membrane to form active PS II, the damage of the translational machinery could also be considered as an explanation to the drop in D1 translation in irreversibly photoinhibited cells. We also demonstrate that the inhibition of protein synthesis does not affect psbA transcription during the recovery process. We conclude that transcription and translation are not necessarily coupled in Synechocystis cells. Moreover, we suggest that light could regulate not only psbA transcription but also D1 translation.
Lincomycin inhibits the early steps in peptide bond formation before polysome assembly, leading to polysome-free mRNA accumulation. We observed that the inhibition of psbA translation by lincomycin increased the stability of the psbA transcript. This stability could be explained by the inhibition of a specific short-lived nuclease. In most bacterial systems, ribosome protection is an important mechanism to increase the half-lives of mRNAs (for a review see [37] ). However, our result may suggest that in cyanobacteria like in higher plants [23] , the polysome association per se of psbA does not increase the stability of this mRNA. Klaff and Gruissem [23] reported that in spinach, polysome-free psbA transcripts (in the presence of lincomycin) are more stable than polysome-attached psbA transcripts (in the presence of chloramphenicol). Moreover, our results may indirectly indicate that the formation of translation complexes could be a mechanism to initiate and/or facilitate the turnover of the psbA mRNA. Under each condition where psbA translation was inhibited or decreased (e.g. in the presence of lincomycin or after a long period of light stress), psbA transcript stability increased. It is also well established that in the dark, there is very little D1 translation and that the psbA transcript is very stable in Synechocystis cells [33] . In eukaryotic cells, there exist some examples where ribosomes play an active role in the degradation of the transcripts (e.g. mammalian histone mRNAs [16] , -globin [4] ).
One can also discuss the origin of the damage of the expression machinery. It is known that under high light, toxic oxygen radicals are progressively produced (for a review see [24] ). Among other damage these radicals lead to membrane lipid peroxidation and bleaching of antenna pigments. They can also produce a general damage of the gene expression machinery. It is likely that during the first ten minutes of photoinhibition, the production of highly reactive species is limited and that they are inactivated by scavengers such as chlorophylls, carotenoids or specific enzymes. After a long light stress, the natural systems of protection would no longer be sufficient and the damage resulting from toxic species would increase. When the gene expression machinery is not totally damaged, the cells can recover after a shift to low light. The lag observed before the recovery of PS II activity might be a reflection of the time required to resynthesize all the factors involved in gene expression.
When photoinhibition is reversible, the high level of psbA mRNA and an active psbA translation allows a recovery. The disappearance of other transcripts during photoinhibition, does not prevent recovery, since only D1 has to be synthesized and incorporated into the membrane to regain PS II activity. However, if the light stress extends for a longer period, the translation machinery is totally damaged and despite the presence of psbA mRNA, D1 is no longer synthesized and the activity is not restored.
